Introduction
============

Gastric cancer is the fourth most common malignant tumor worldwide and the second most common cause of cancer-related deaths.[@b1-ott-8-1785] Although the molecular mechanisms of gastric cancer proliferation and invasion have been widely studied, the prognosis of patients with gastric cancer is still poor. Therefore, further understanding of the molecular mechanisms of gastric cancer progression and the development of new therapeutic targets based on these mechanisms are anticipated.

Metastasis-associated protein 1 (MTA1) is predominantly a nucleus, ubiquitously expressed protein that markedly increases metastasis and aggressiveness of human cancers.[@b2-ott-8-1785]--[@b4-ott-8-1785] The expression of MTA1 in cancer tissues was significantly higher than that of the normal tissue. MTA1 was found to be overexpressed in a variety of cancer cell lines and was also commonly amplified in several human colorectal and gastric carcinomas, ovarian and pancreatic tumors, and esophageal squamous cell carcinoma.[@b5-ott-8-1785]--[@b8-ott-8-1785] High expression of the MTA1 mRNA in gastric carcinomas showed significantly higher rates of serosal invasion and lymph node metastasis and tended to have a higher rate of vascular involvement.[@b5-ott-8-1785] MTA1 promotes tumor invasion by downregulation of E-cadherin.[@b8-ott-8-1785] Although much has been learned about how MTA1 influences proliferation and metastasis, the contribution of many receptors to the proliferation and metastatic process in gastric carcinomas remains poorly defined.

MTA1 was proved to be a candidate metastasis-associated gene by differential expression screening of metastatic cell lines.[@b9-ott-8-1785] A series of studies have demonstrated that MTA1 was overexpressed in highly metastatic cells, while the mechanism by which MTA1 promotes invasion in human gastric cancer cells is currently unknown. These investigations have increased our understanding of MTA1 function and led to the current study, which examines the effects of MTA1 on epithelial--mesenchymal transition (EMT), an important event to the invasion and metastasis of epithelial-like gastric carcinoma cells.

In this study, we evaluated MTA1 expression in gastric cancer tissues and adjacent gastric tissues. We then investigated possible correlations between MTA1 expression and the clinical pathologic factors. Based on the results of clinical findings, we performed in vitro experiments and studied the effects of MTA1 expression on the proliferation and invasion of gastric cancer cell lines. Our results indicate that MTA1 induces gastric cancer cell invasion and proliferation.

Materials and methods
=====================

Cell culture and plasmid construction
-------------------------------------

Human gastric cancer cell lines SGC7901, BGC823, SGC7901-MTA1, and BGC823-MTA1 were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal calf serum (Thermo Fisher Scientific) at 37°C in an incubator with a humidified atmosphere of 5% CO~2~ and 95% air. Primers were used for generating wild-type MTA1. Annealed primers were ligated into BamHI and XhoI double enzyme-digested pcDNA™3.1/Myc-His A vector to generate His-tagged MTA1 constructs. The constructs described earlier were verified by DNA sequencing.

Cell cycle analysis by flow cytometry
-------------------------------------

SGC7901 and BGC823 cells were transiently transfected with the increasing concentrations of His-MTA1 (0 µg, 1 µg, 2 µg), using Lipofectamine™ 2000 (Thermo Fisher Scientific). After incubation, cells were collected, washed with phosphate-buffered saline (PBS), fixed with 70% ethanol, and then suspended in a staining buffer (10 µg/mL propidium iodide, 0.5% Tween 20, 0.1% RNase in PBS). The cells were analyzed using an FACSVantage flow cytometer with the CellQuest acquisition and analysis software program (BD Biosciences, San Jose, CA, USA). Gating was set to exclude cell debris, doublets, and clumps.

Immunoblotting analysis
-----------------------

SGC7901 and BGC823 cells were stably transfected with Lipofectamine™ 2000 according to the manufacturer's protocol. To determine the expression of protein, whole cell extracts were collected in RIPA lysis buffer (50 mM Tris/HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% Na-deoxycholate, 1 mM EDTA and protease inhibitor cocktail). Thirty micrograms of total protein was separated through electrophoresis on an SDS-PAGE gel and transferred to polyvinylidene fluoride membranes (GE Healthcare, Fairfield, CT, USA). The membrane were blocked at room temperature for 1 hour in Tris-buffered saline containing 0.1% Tween-20 (TBST) and 5% fat-free powdered milk, and incubated overnight with specific antibodies: MTA1 (1:500; Santa Cruz Biotechnology Inc., Dallas, TX, USA), cyclin D1, MMP2, MMP9, p21 (1:1,000; Cell Signaling, Boston, MA, USA), fibronectin (EMD Millipore, Billerica, MA, USA), and GAPDH (ShangHai Kangchen, People's Republic of China) at 4°C. After incubation with the primary antibody, the membrane was then incubated with the secondary antibody for 2 hours and washed three times for 10 minutes in TBST prior to chemiluminescence detection (GE Healthcare). The intensity of the bands was quantified by computerized densitometry using Quantity-One software (version 4.62; Bio-Rad Laboratories Inc., Hercules, CA, USA). The relative optical density ratio was calculated by comparing to GAPDH.

Quantitative reverse transcriptase polymerase chain reaction
------------------------------------------------------------

SGC7901 and BGC823 cells were stably transfected with His-tag MTA1. Cells were harvested following treatments for preparation of total RNA using TRIzol reagent (Thermo Fisher Scientific). One microgram of RNA was used as a template for complementary DNA synthesis using Quantitect Reverse Transcription Kit (TaKaRa, Japan). Polymerase chain reaction (PCR) was performed in triplicate using an Mx3000P™ Real-Time PCR System by Agilent (Stratagene, La Jolla, California, USA) and SYBR Green I detection (TaKaRa) according to the manufacturer's protocol. PCR was carried out for 40 cycles of 95°C for 10 seconds and 60°C for 40 seconds. The following oligonucleotides (Thermo Fisher Scientific) were used for PCR amplification: MTA1 forward, 5′-CGC TGA CCA GCA TCA TTG AGT-3′; MTA1 reverse, 5′-TGG TTC GGA TTT GGC TTG TTA T-3′. p21 forward, 5′-GGC AGA CCA GCA TGA CAG ATT-3′ and p21 reverse, 5′-GCG GAT TAG GGC TTC CTC TT-3′. Cyclin D1 forward, 5′-GGA TGC TGG AGG TCT GCG A-3′; cyclin D1 reverse, 5′-AGA GGC CAC GAA CAT GCA AG -3′. The relative expression level of mRNA was normalized to GAPDH levels with the following specific primers: GAPDH forward, 5′-GAC AGT CAG CCG CAT CTT CT-3′; GAPDH reverse, 5′- ACA TGT AAA CCA TGT AGT TGA GGT-3′. Relative gene expression was calculated with Mx3000P software (version 2.0; Stratagene) by using the 2^−ΔΔCt^ method. Statistical analysis significance was determined by parametric *t*-tests using SPSS 17.0 software (SPSS Inc, Chicago, IL, USA).

Cell adhesion assay
-------------------

SGC7901-control, SGC7901-MTA1, BGC823-control, and BGC823-MTA1 cells were respectively suspended in 0.1% BSA/EBM-2 (2×10^4^ cells/500 µL) and seeded onto a fibronectin-coated 24-well Primaria culture dish (500 µL/well). After incubation in a 5% CO~2~ incubator for 10 minutes, nonadherent cells were removed by gently washing twice with 1 mL of PBS. Then, following fixation with 500 µL of 4% paraformaldehyde in PBS per well at 4°C for 5 minutes, the adhesive cells were stained with 0.4% Trypan blue and counted under fluorescent microscopy.

Cell invasion assay
-------------------

Matrigel invasion assays were performed using modified Boyden chambers with polycarbonate Nucleopore membrane. Precoated filters (6.5 mm in diameter, 8 µm pore size, Matrigel 100 µg/cm^2^) were rehydrated with 100 µL medium. Then, 1×10^5^ cells in 100 µL serum-free DMEM supplemented with 0.1% bovine serum albumin were placed in the upper part of each chamber, whereas the lower compartments were filled with 600 µL DMEM containing 10% serum. After incubating for 18 hours at 37°C, non-invaded cells were removed from the upper surface of the filter with a cotton swab, and the invaded cells on the lower surface of the filter were fixed, stained, photographed, and counted under high-power magnification.

Patients and immunohistochemistry
---------------------------------

We identified patients diagnosed with gastric cancer who underwent surgical resection of tumor at the Department of Pathology of the People's Hospital of Liaoning Province (Shenyang, People's Republic of China) between 2001 and 2005. Slides of tissue sections were subjected to deparaffinization and antigen unmasking. The slides were then incubated with the antibody against MTA1 at 4°C overnight. The slides were incubated with horseradish peroxidase-conjugated goat anti-mouse IgG, and the color was developed with the DAB Horseradish Peroxidase Color Development Kit (Fuzhou Maixin Biological Technology Ltd., People's Republic of China). Multicenter ethical approval for data collection and tissue use was granted by the Human Research Ethics Committee of the aforementioned hospital.

Evaluation of immunostaining
----------------------------

All the immunoreactions were separately evaluated by two independent pathologists. The percentage of positive MTA1 tumor cells (0% negative, \<5% weak positive, 5%--25% intermediate, 25%--50% moderate, 50%--100% strong) were assessed in at least five high-power fields (×400 magnification). The distribution of tumor cells in all experimental groups was determined as follows: 0%--5%= lower expression and 5%--100%= higher expression.

Statistical analysis
--------------------

All statistical analysis was performed using the SPSS 16.0 statistical software program (SPSS Inc.). A *χ*^2^ test was used to examine possible correlations between MTA1 expression and clinicopathological characteristics for the results of immunohistochemistry. The data are expressed as the mean ± standard deviation. The statistical analysis correlation of data was checked for significance by Student's *t*-test. Differences with *P*\<0.05 were considered significant.

Results
=======

The expression profiles of MTA1 in gastric cancer tissue
--------------------------------------------------------

The expression of MTA1 in gastric cancer samples and adjacent noncancerous gastric tissues were analyzed by immunohistochemistry. The clinical characteristics of MTA1 patients are shown in [Table 1](#t1-ott-8-1785){ref-type="table"}. As shown in [Figure 1A](#f1-ott-8-1785){ref-type="fig"}, MTA1 was mainly expressed in the nucleus of the cancer cells, and occasionally in the cytoplasm. Further analysis revealed that 77.0% (47/61) of gastric cancer tissues showed high expression of MTA1, in contrast to low expression in gastric cancer tissues.

Survival analysis correlation of MTA1 expression in gastric cancer
------------------------------------------------------------------

To elucidate the prognostic role of MTA1 expression in gastric cancer patients, we examined the relationship between MTA1 expression and patient outcome with long-term follow-up. Overall survival (OS) and disease-free survival (DFS) rates were estimated by Kaplan--Meier survival curves. As shown in the log-rank tests in [Figure 1B and C](#f1-ott-8-1785){ref-type="fig"}, OS and DFS of gastric cancer patients with high MTA1 expression were lower than that of patients with high MTA1 expression (OS, *P*=0.011; DFS, *P*=0.015, respectively). It is evident that MTA1 may be a significant biomarker for evaluating the prognosis of gastric cancer patients.

MTA1 accelerates G1/S phase progression
---------------------------------------

We explored the effects of MTA1 on the cell cycle. SGC7901 and BGC823 cells were transiently transfected with different concentrations of MTA1 (0--2 µg) constructs for 36 hours. Cell populations in each phase of the cell cycle were examined by flow cytometry analysis. As the concentration of MTA1 continuously increased in SGC7901 ([Figure 2A](#f2-ott-8-1785){ref-type="fig"}) and BGC823 ([Figure 2B](#f2-ott-8-1785){ref-type="fig"}), cells showed a dramatic entry into S phase. Therefore, these cell cycle population patterns indicate that MTA1 expression may accelerate and potentiate G1/S phase progression in gastric cancer cells, and the difference is statistically significant.

MTA1 promotes human gastric cancer cell proliferation by upregulation of cyclin D1 and downregulation of p21
------------------------------------------------------------------------------------------------------------

To investigate whether MTA1 plays a role in the development and progression of gastric cancer cells, we transfected SGC7901 and BGC823 cells with control vector and MTA1 expression vectors and examined the effect of MTA1 overexpression on gastric cancer cell proliferation by Western blotting assay and real-time PCR assay. MTA1 overexpression increased cyclin D1 expression while significantly decreasing p21 expression ([Figure 3A and B](#f3-ott-8-1785){ref-type="fig"}). The real-time PCR analysis results were consistent with those of the western blotting assays ([Figure 3C and D](#f3-ott-8-1785){ref-type="fig"}). Taken together, the earlier results demonstrate that MTA1 accelerates the transition of cells from G1 to S phase through regulating cyclin D1 and p21.

MTA1 promotes gastric cancer cell adhesion ability
--------------------------------------------------

To investigate whether MTA1 can influence the ability of gastric cancer cell adhesion, we established the stable cell line SGC7901 and BGC823 cells overexpressing the MTA1. MTA1 overexpression promoted gastric cancer cell adhesion to fibronectin compared to empty vector transfected cells. Shown in [Figure 4A and B](#f4-ott-8-1785){ref-type="fig"}, after 10 minutes' incubation, compared with those infected with empty vector as control, SGC7901-MTA1 and BGC823-MTA1 cells resulted in a significant increase in adhesion of approximately 30% or 40% to fibronectin, respectively ([Figure 4C and D](#f4-ott-8-1785){ref-type="fig"}).

MTA1 promoted the migratory and invasive potential of gastric cancer cells
--------------------------------------------------------------------------

In order to demonstrate the effect of MTA1 expression on the migration and invasion of SGC7901 and BGC823, in vitro Transwell migration and Matrigel invasion assays were performed based on the principle of the Boyden chamber assay. The results showed that overexpression of MTA1 accelerated the migration and invasion of SGC7901 and BGC823 ([Figure 5A and B](#f5-ott-8-1785){ref-type="fig"}). Fibronectins, which are markers of a mesenchymal marker, were expressed significantly more in the MTA1-overexpressed SGC7901 and BGC823 cells compared with the respective empty vector-transfected cells. Furthermore, matrix metalloproteinases (MMPs) can stimulate epithelial--mesenchymal transition by facilitating enhanced tumor cell invasion and metastasis potential.[@b10-ott-8-1785],[@b11-ott-8-1785] Therefore, we checked the expression levels of MMP9 and MMP2 in MTA1-overexpressing SGC7901 and BGC823 cells by Western blotting. The results showed an increase in MMP2 and MMP9 levels ([Figure 5C and D](#f5-ott-8-1785){ref-type="fig"}). MTA1 expression in gastric cancer cells supports the metastatic process via modulating metalloproteinases.

Discussion
==========

MTA1 is widely upregulated in a variety of human cancers, including head and neck, lung, breast, liver, gastrointestinal, pancreatic, ovarian, and prostate cancers; melanoma; and lymphomas.[@b12-ott-8-1785] An accumulation of evidence confirms MTA1 promotes invasiveness and metastasis in cancer cells.[@b13-ott-8-1785],[@b14-ott-8-1785] Recent studies have identified that MTA1 inhibited differentiation and promoted proliferation in cancer cell lines.[@b3-ott-8-1785],[@b15-ott-8-1785],[@b16-ott-8-1785] Though these studies have shown that MTA1 is involved in cancers, the precise role of it in cancers including gastric cancer is not well understood.

MTA1 is associated with cell invasiveness and metastasis. MTA1 interacts with ERα and consequently is identified as a transcription repressor of ERα in ER-positive breast cancer.[@b17-ott-8-1785] The high level of MTA1 suggests development of ER-negative phenotypes as well as resistance to tamoxifen and leads to distant organ metastases.[@b18-ott-8-1785] Furthermore, MTA1 interacts with the *E-cadherin* chromatin to repress its transcription and promotes cancer cell invasion.[@b19-ott-8-1785] MTA1 can recruit HDACs to the SMAD7 promoter and repress the transcription of SMAD7, which acts as a negative regulator of TGF-β.[@b20-ott-8-1785] MTA1 thus appears to regulate TGF-β signaling and influences regulation of other genes downstream of TGF-β which might be required for tumorigenesis and metastasis.

MTA1 is associated with proliferation, angiogenesis, and DNA repair in human cancer. MTA1 promotes nasopharyngeal carcinoma cell growth via enhancing G1 to S phase transition.[@b21-ott-8-1785] Downregulation of MTA1 led to suppression of the protein levels of cyclin D1 in human breast cancer cell.[@b22-ott-8-1785] Furthermore, MTA1 promotes cell proliferation by enhancing DNA repair in epithelial ovarian cancer cells.[@b15-ott-8-1785]

MTA1-overexpressing cells had significantly higher proliferation rates than control cells. These results were further evaluated in cell cycle progression by cell cycle analysis and Western blot analysis of cyclin D1 and p21. In this study, MTA1 overexpression in human gastric cancer cell lines resulted in premature entrance into the S phase. The expression of cyclin D1 influences cell cycle progression and cancer cell proliferation. Taken together, these results indicate that MTA1 overexpression causes high enough levels of cyclin D1 for the cell to initiate DNA replication and be in the extended S phase, resulting in cell growth and proliferation.

Our data show a novel function of MTA1 as an important regulator of proliferation and metastasis in gastric cancer cells. We found that MTA1 stimulates expression of cyclin D1 and silencing of cell cycle regulator p21, which play an important role in the development and progression of cancer cells. Furthermore, MTA1 has been shown to induce cancer cell migration and invasion.[@b6-ott-8-1785],[@b23-ott-8-1785],[@b24-ott-8-1785] High expression of MTA1 may contribute to a more severe malignancy compared with the control groups in SGC7901 cell line and BGC823 cell line. MTA1 upregulates the expression of fibronectin, MMP2, and MMP9, which are associated with tumor invasion, metastasis, angiogenesis, and poor clinical outcome.[@b25-ott-8-1785]

Herein, we have shown that MTA1 stimulates proliferation and epithelial--mesenchymal transition of gastric cancer cells. Therefore, blocking expression of MTA1 might prove useful for inhibiting gastric cancer cell progression and metastatic potential and may provide new targets for anticancer treatment.

Conclusion
==========

Taken together, the data suggest that MTA1 is highly expressed in gastric cancer tissue; high MTA1 expression is significantly correlated with tumor size, lymph node metastasis, and grade; and MTA1 may function as a regulator of gastric cancer through regulation of cell cycle progression, cell adhesion, and cell invasion. Moreover, high MTA1 expression in gastric cancer tissue was associated with poorer prognosis, which may potentially have clinical impact on diagnosis and therapeutic considerations of this malignancy.
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![Kaplan--Meier survival curves for overall survival and disease-free survival of gastric cancer patients stratified by MTA1 expression.\
**Notes:** (**A**) Immunohistochemistry analysis of representative expression patterns of MTA1 in the human gastric cancer tissues and adjacent noncancerous tissues. Positive MTA1 staining in gastric cancer tissues appeared as brown particles which were mainly localized within the nucleus of epithelial cells. Original magnification: all 400×. Scale bar: 20 µm. (**B**) overall survival curves of gastric cancer patients according to MTA1 immunostaining. (**C**) Disease-free survival curves of gastric cancer patients according to MTA1 immunostaining. *P*-values were obtained by log-rank test.\
**Abbreviation:** MTA1, metastasis-associated protein 1.](ott-8-1785Fig1){#f1-ott-8-1785}

![MTA1 improves proliferation in human gastric cell lines.\
**Notes:** SGC7901 (**A**) and BGC823 (**B**) cells were transiently transfected with the indicated concentrations of MTA1. After 36 hours, cells were stained with propidium iodide and cell cycle distribution was analyzed by flow cytometry. \**P*\<0.05.\
**Abbreviation:** MTA1, metastasis associated protein 1.](ott-8-1785Fig2){#f2-ott-8-1785}

![MTA1-induced upregulation of cyclin D1 and downregulation of p21.\
**Notes:** SGC7901 (**A**) and BGC823 (**B**) cells were transfected with control (Ctrl) vector and MTA1 expression vector. After 48 hours of transfection, the protein levels of cyclin D1 and p21 were measured by Western blot analysis. MTA1 expression vectors were transiently transfected into SGC7901 (**C**) and BGC823 (**D**) cells, and the mRNA level was estimated by real-time polymerase chain reaction analysis. GAPDH was used as a loading Ctrl. Bars represent the mean ± standard deviation of three independent experiments. \**P*\<0.05 and \*\**P*\<0.01.\
**Abbreviation:** MTA1, metastasis-associated protein 1.](ott-8-1785Fig3){#f3-ott-8-1785}

![MTA1 enforces the adherence of gastric cancer cells.\
**Notes:** SGC7901 (**A**) and BGC823 (**B**) cells were stably transfected with MTA1 expression vector, and the cells' adherence force was evaluated by adherence assay. The attached cells were fixed and stained, and ten random fields were counted. ×200 magnification. Scale bars: 200 µm. Also shown is the number of adherent SGC7901 (**C**) and BGC823 (**D**) cells from three independent experiments. \*\**P*\<0.01 using Student's *t*-test.\
**Abbreviations:** Ctrl, control; MTA1, metastasis associated protein 1.](ott-8-1785Fig4){#f4-ott-8-1785}

![MTA1 promotes migration and invasion of human gastric cancer cells.\
**Notes:** Transwell cell migration (**A**) and invasion (**B**) assays of SGC7901 and BGC823 cells stably expressing control (Ctrl) vector and MTA1. Representative photomicrographs of Transwell results were taken under ×200 magnification. Scale bars: 200 µm. The average number of migrated cells is shown. Statistical significance compared to gastric cancer cells was calculated using Student's *t*-test. Bar charts show mean (± standard deviation) values from three independent experiments. \*\**P*\<0.01. In SGC7901 (**C**) and BGC823 (**D**) cells, overexpression of MTA1 and Ctrl cells were collected and indicated proteins were detected using Western blot.\
**Abbreviations:** Ctrl, control; MTA1, metastasis-associated protein 1.](ott-8-1785Fig5){#f5-ott-8-1785}

###### 

Correlation between MTA1 expression and clinicopathological parameters in gastric cancer patients

  --------------------------------------------------------------------------------------------------------------------------------------------------
  Parameters              Number   Low MTA1 expression\   High MTA1 expression\   *χ*^2^ value   *P*-value
                                   (n=14)                 (n=47)                                 
  ----------------------- -------- ---------------------- ----------------------- -------------- ---------------------------------------------------
  Age (years)                                                                                    

   ≤50                    25       4                      21                      1.157          0.282

   \>50                   36       10                     26                                     

  Sex                                                                                            

   Male                   23       7                      16                      1.169          0.2795

   Female                 38       7                      31                                     

  Tumor size (cm^3^)                                                                             

   ≤2                     21       9                      12                      7.176          0.0074[\*](#tfn2-ott-8-1785){ref-type="table-fn"}

   \>2                    40       5                      35                                     

  Histological subtype                                                                           

   Intestinal             24       4                      20                      0.884          0.347

   Diffuse                37       10                     27                                     

  Lymph node metastasis                                                                          

   Negative               18       8                      10                      6.671          0.0098[\*](#tfn2-ott-8-1785){ref-type="table-fn"}

   Positive               43       6                      37                                     

  Grade                                                                                          

   I, II                  17       10                     7                       17.151         0.0001[\*](#tfn2-ott-8-1785){ref-type="table-fn"}

   III, IV                44       4                      40                                     
  --------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** A two-sided Pearson's chi-square test was used to examine the correlations between MTA1 expression and clinicopathological characteristics for the results of immunohistochemistry.

*P*\<0.05.

**Abbreviation:** MTA1, metastasis-associated protein 1.
